Understanding the chemistry of colloidal quantum dots (QDs) is primarily hampered by the lack of analytical methods to selectively and discriminately probe the QD core, QD surface and capping ligands. Here we present a general concept for studying a broad range of QDs such as CdSe, CdTe, InP, PbSe, PbTe, CsPbBr3, etc., capped with both organic and inorganic surface capping ligands, through dynamic nuclear polarization (DNP) surface enhanced NMR spectroscopy. DNP can enhance NMR signals by factors of 10-100, thereby reducing the measurement times by two-to-four orders of magnitude. 1D DNP enhanced spectra acquired in this way are shown to clearly distinguish QD surface atoms from those of the QD core, and environmental effects such as oxidation. Furthermore, 2D NMR correlation experiments, which were previously inconceivable for QD surfaces, are demonstrated to be readily performed with DNP and provide the bonding motifs between the QD surfaces and the capping ligands.
Introduction
Colloidal semiconductor nanocrystals, commonly referred to as quantum dots (QDs), exhibit size-tuneable optical and electronic properties and have become important as luminescent labels in life sciences 1, 2 and as building blocks for optoelectronic devices (solid-state lighting, photovoltaics, photodetectors and electronic circuitry). 3, 4 QDs are complex entities comprising an inorganic crystalline core, surface atoms and surface capping ligands. 5 Adjustments of the QD surface chemistry control the optical properties of individual QDs as well as the charge and the energy transfer in assemblies of QDs, and allow for their integration into solid-state devices and versatile bio-functionalization. Importantly, QDs are highly dynamic and reactive objects, in both their core regions (e.g. with polymorphism, and rapid chemical transformations via oxidation, reduction, galvanic or ion-exchange, or self-purification from impurity atoms, etc.) and at their surfaces (e.g. surface reconstruction, ligand adsorption-desorption, etc). It is therefore not surprising that structural characterization and the atomistic description of QDs remains a formidable challenge. In principle, nuclear magnetic resonance (NMR) spectroscopy would be the method of choice because of its ability to characterize molecules, solids, surfaces and interfaces. Both solid-state magic-angle spinning nuclear magnetic resonance (MAS NMR) and solution NMR investigations of sub-10 nm colloidal QDs (CdSe, CdTe, InP and PbSe, etc.) have provided information about the internal structure of the QD cores [6] [7] [8] [9] and about the organic ligand capping, including the QD-ligand-binding equilibria in the liquid state. [9] [10] [11] [12] [13] However, both approaches have intrinsic limitations with respect to the chemistry of QDs. Solution NMR provides accurate information about the structure and binding equilibria of molecular species such as QD capping ligands, but is essentially blind to surface-bound ligands due to their slow and non-uniform tumbling. In the solid state, direct excitation MAS NMR records signal from all species present in the sample, with the principle possibility to yield insight specific to the atomic structure of the QD surface and capping ligands via surface selective cross-polarization MAS (CPMAS) experiments. 14 However, CPMAS experiments on QDs are highly challenging due to the low concentrations of surface sites, the residual ligand dynamics that reduce hetero-nuclear 1 H-X dipolar couplings, 7 and most importantly, the generally poor sensitivity of NMR spectroscopy. From the QD chemistry point of view, NMR characterization should ideally be carried out directly on colloidal dispersions of QDs to rule out the effects of the isolation and purification procedures on the surface composition and surface coverage of the ligands. This challenge becomes even more daunting when considering that pristine QD colloids contain only milligram quantities of QDs, and the surface atoms and the stabilizing ligands constitute an even smaller fraction of the sample. To become practically useful, solid-state NMR of dispersed colloids of QDs requires orders of magnitude increase in the measured signal.
In the past twenty years, in situ high-field dynamic nuclear polarization (DNP) enhanced MAS NMR spectroscopy has become an extremely powerful method to enhance NMR signals via microwave (µw) induced polarization transfer from unpaired electrons of a radical polarizing agent to nuclear spins. 15, 16 With typical enhancement factors (ɛ) of 10-100, and corresponding shortening of the measurement times by two-to-four orders of magnitude (∝ ɛ 2 ), DNP enhanced
NMR experiments may open new avenues for studying inorganic materials containing unreceptive NMR nuclei, such as QDs. Indeed, in the recent years, DNP enhanced NMR studies, exploiting unreceptive NMR nuclei such as 13 C, 15 N, 17 O, 29 Si, 59 Co, 119 Sn, have focused on inorganic surfaces and surface-bound molecules, providing enhanced spectra from surface atoms, including sub-surface atomic layers of the material. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] DNP surface enhanced NMR spectroscopy should thus be uniquely suited for colloidal QDs, which are usually just 3-10 nm large and have high surface areas, and therefore can be polarized as a whole, allowing simultaneous and discriminative studies of the QD cores, surfaces and capping ligands; all in colloidal solutions, and without the need for invasive isolation and purification procedures.
Virtually all known colloidal QD materials and their organic-and inorganic ligand capping layers contain NMR active nuclei that potentially can benefit from DNP enhancement, including spin ½ nuclei ( 31 P, 77 Se, 111/113 Cd, 115 In, 117/119 Sn, 125 Te, 207 Pb, etc.) and also quadrupolar nuclei (nuclear spin > ½, 133 Cs, 115 In, 17 O, 67 Zn, etc).
Here we demonstrate how DNP enhanced NMR can provide unprecedented information about the structure of colloidal QDs, kept in the original colloidal state in the amount of just few milligrams. We obtain high signal enhancement factors of up to 80, corresponding to gains in acquisition times up to a factor 6400. Such efficient polarization results from the homogeneous dispersion of biradical polarizing agents and QDs in mesoporous silica (meso-SiO2) and is readily obtained for all common QD materials such as CdSe, CdTe, InP, PbSe, PbTe, and CsPbBr3, and stabilized by all kinds of surface functionalities (inorganic or organic, charge and steric stabilization) and dispersed in any suitable polar or apolar solvent. New insights specific to the structure of QDs were obtained with DNP enhanced 1D NMR spectra. For a canonical QD system -CdSe QDs -we present the first direct evidence for the core-shell CdSe-CdX2 directly into the rotor for reference experiments without meso-SiO2 or, for one-step filling method, the meso-SiO2 powder was impregnated with the QD-biradical solution on a watch glass, then transferred into a rotor. The mass ratio of meso-SiO2 to QDs has been optimized for each system, as illustrated for MSU-H meso-SiO2 and InP QDs in Figure S2 . In a two-step method, the QD dispersion was first impregnated into the meso-SiO2 host, and dried, followed by impregnation of the biradical solution, aiming at the same overall amounts of QDs and biradicals as in one-step method (see Supporting Information for further details of NMR measurements and sample preparation Results and Discussion.
DNP enhanced NMR of QDs using meso-SiO2 matrix. The basic principle of DNP enhanced NMR experiments on colloidal QDs is outlined in Figure 1 : the paramagnetic polarizing agent (here a nitroxide biradical) is dispersed in a suitable solvent (here TCE) and then brought into contact with the sample. Microwave (µw) irradiation transfers the polarization of the electron spins to the protons of the solvent and of other proton-containing molecular species residing at the QD surface. The enhanced proton polarization is then transferred through a CP step 30 to the desired hetero-nuclei. For QDs the range of this transfer from the surface is such that nuclei residing in the capping ligands, the QD surface or even the QD core are hyper-polarized.
However, in situ DNP NMR experiments are conducted at rather low temperatures, typically around 100 K to slow nuclear and electron relaxation. 15, 16, 31 In addition to the DNP effect, thermal (Boltzmann) enhancement of the NMR signal potentially contributes a factor 2.8 to the sensitivity at 100 K as compared to room temperature (RT). The straightforward approach of mixing solutions of QDs and biradicals has proven to yield little or no enhancement. This is because colloidal dispersions of QDs usually aggregate and precipitate upon cooling, or even at room temperature in some cases, leading to phase separation from the biradical polarizing agent, and obliteration of the DNP effect. This aggregation can be clearly observed visually by placing concentrated QD colloids, with or without added biradicals, into a freezer at -40 °C. Importantly, due to the small size of the QDs (<10 nm), the voids within the aggregates are too small to allow easy access for the relatively large polarizing molecules, and are mainly filled by the 1.5-2.5 nmlong surface ligands of QDs. Figure 1 . Schematics of the DNP surface enhanced NMR experiment for colloidal QDs. By irradiating the sample with monochromatic microwaves (from a gyrotron source, here 263 or 395 GHz, depending upon magnetic field of the NMR spectrometer), the polarization of the unpaired electron spins of the biradical is transferred to the protons of the solvent and then relayed to the protons of the ligand by spin diffusion. CP is then used to transfer DNP enhanced 1 H polarization to the nuclei of interest in the capping ligand layer or to the hetero-nuclei of the QD surface or QD core. Alternative pathways, omitted for clarity, are also possible, such as direct polarization transfer from the biradical to the protons of the ligand. The depth of excitation in the QD depends on the nuclei, and the CP contact time (for details of the pulse sequences used see Figure S1 ), allowing either signal from preferentially the uppermost surface or excitation into the subsurface layers, as discussed in the main text. L stands for organic and/or inorganic capping ligands such as oleate, myristate, oleylamine, phosphonate, sulfide, selenide etc. A 3 nm zinc-blende CdSe QD is shown as a model QD. 1,1,2,2-tetrachloroethane (TCE) is a known suitable DNP polarizing medium and TEKPol is a state of the art DNP polarizing agent. 32, 33 To solve this problem, here we introduce meso-SiO2 (3-250 nm pore sizes) as a host matrix.
The meso-SiO2 is impregnated with a solution containing both the QDs and the biradicals, thereby maintaining homogeneity of the QD-biradical mixtures in an environment similar to the native chemical environment of colloidal QDs. Inexpensive, commercially available samples of non-functionalized meso-SiO2 were used throughout this study. Importantly, the meso-SiO2 is highly porous (71% porous volume for MSU-H with 7-nm pore size), meaning that the dilution factor is no higher than 1.5 (close to experimentally observed, as discussed below). Furthermore, sequential filling of the pores of meso-SiO2 first with QDs and then with polarizing agent allows, for instance, study of highly-charged inorganic-capped QDs with hydrophobic biradicals and vice-versa.
Myristate-capped InP QDs
Our initial DNP surface enhanced NMR experiments on QDs focused on myristate-capped InP show signals from the QD core ( Figure S4 ), highlighting the utility of DNP for obtaining surfaceselective information.
We then evaluated the effect of pore size of meso-SiO2 on the DNP enhancement of the QDs, as presented for the POx-signal from myristate-capped InP QDs in Figure 2f . First we should note that each meso-SiO2 sample has a distribution of pore sizes, around the one indicated as a nominal mean pore size. Thus, the 3.3 nm pore meso-SiO2 with the smallest pore size, has in fact a relatively broad pore size distribution in the 1-8 nm range, and therefore can uptake large quantities of 3-4 nm QDs. The average population of QDs in meso-pores can vary from less than one-per-pore to as high as 20 QDs-per-pore (i.e. by placing a 300 mg/mL dispersion of the smallest 3 nm InP QDs, with a 2 nm-thick ligand shell, into 50 nm large spherical pores). Even if aggregation occurs in the latter case, the single aggregate size is still small enough to expose nearly all QDs to the effects of the biradical polarizing agent. A noticeable decrease in the enhancement factors can be found for all studied QDs only at extremely large pore sizes, above 100 nm, that allow aggregates sufficiently large to exclude a substantial fraction from the biradical. In control experiments without meso-SiO2 DNP enhancements of 5 are obtained.
Another beneficial effect is the inhibition of solvent crystallization in meso-SiO2. DNP experiments typically require glass forming solvents which prevent aggregation of radicals upon freezing. 19 Therefore, the use of meso-SiO2 as a host for DNP experiments has the added benefit that it could allow for a broader range of solvents to be used. Table S1 ).
2D DNP surface enhanced hetero-nuclear correlation spectra of CdSe QDs. Figure 3c shows that using the matrix-assisted approach, DNP enhanced 13 C-spectra from the surface-bound oleate ligands (e.g. 13 C-1-oleate; 27% 13 C-labeled on the carboxylate), with clearly resolved signals from all C-atoms, can be acquired in less than 2 minutes (32 scans). This opens the possibility to acquire 13 C-X hetero-nuclear 2D correlation spectra within reasonable timeframes. Partial 13 Clabeling of the carboxylate carbon was employed in order to help in collecting a DNP enhanced 13 There are much fewer polar solvent-biradical mixtures which simultaneously solubilize charge-stabilized QDs and allow for efficient DNP enhancements. The only working example we identified so far is AMUPol in DMSO-d 6 /H2O/D2O, which is suitable for studying chemically robust materials such as sulfide capped Sn/SnOx nanocrystals. 22 Water in this mixture is required for efficient polarization transfer, but promotes hydrolysis and oxidation of sensitive QD materials. To circumvent these problems, a facile and versatile two-step method for filling the meso-SiO2 matrix is presented in Figure 5 . This method eliminates a tedious search for suitable compatible QD-solvent-radical combinations. First, impregnation of the meso-SiO2 was done with a QD dispersion in any given type of solvent, polar or apolar, followed by the evaporation of the solvent to deposit the QDs in the meso-SiO2. Second, the meso-SiO2 filled with QDs was then impregnated with any other given (polar or apolar) biradical-solvent mixture. Hence apolar solvent-biradical combinations can be used for enhancing NMR signals of highly polar inorganiccapped QDs, and vice-versa. In the first case study, highly oxygen and moisture-sensitive selenide (Se 2-) capped CdSe QDs, prepared from oleate-capped QDs via a ligand-exchange reaction, 28 were deposited into meso-SiO2 from formamide solution. Subsequent 77 Se DNP NMR with the TEKPol-TCE polarization mixture yields a spectrum with higher signal-to-noise ratio CPMAS NMR spectrum from the two-step, water-free deposition features an additional peak (marked with an arrow in Figure 5c ). Although the chemical identity of this signal is not fully clear, we can speculate that they are due to POxSy surface species, which are otherwise fully oxidized and/or hydrolyzed in a water-based polarizing mixture. Figure 5 . DNP surface enhanced NMR on air-sensitive and inorganic-capped QDs using sequential filling of meso-SiO2 (two-step method). CdSe-Se 2-QDs are highly oxygen and moisture sensitive and could be studied only with two-step deposition method (a). InP-S 2-QDs have been deposited into silica pores by one (b) and two-step (c) procedures. The two-step procedure does not involve any water during preparation and yields an additional peak in the spectrum (indicated by an arrow), attributed to POxSy species, absent in (b) due to full conversion into POx species. The spinning sidebands are marked by asterisks.
Other tested systems, concluding remarks and outlook.
So far precipitation of QDs to form powdered samples had remained the only practical option for solid-state NMR studies on QDs. Precipitation may change the chemical identity of the surface QD atoms and/or surface ligands. In this study, we have shown that meso-SiO2-assisted DNP experiments allow for using colloidal dispersions of QDs directly for solid-state NMR spectroscopy to study QDs in an environment more similar to a dispersion. Owing to efficient proton DNP enhancements (ƐH = 40-80), absolute signals obtained with small sample amounts (1-4 mg of QDs per sample throughout this study) are always much greater than conventional MAS NMR signals from a rotor densely packed with large quantities of QDs (up to 100-200 mg). In fact, there are clear physical and hardware limits to scaling the MAS NMR signal by using larger sample quantities and larger rotors. Without DNP enhancement, acquisition of 1D CPMAS spectra from 1-2 mg of QDs would take months or even years. The matrix-assisted method enables acquisition of 2D spectra between hetero-nuclei in reasonable timeframes (hours instead of years) and allows a whole new plethora of studies to be carried out, such as directly probing metal-ligand binding at the QD surface (as shown here for Cd-oleate at the CdSe surface), and possibly intra-ligand and intra-QD local chemical structure. With a two-step sequential filling method, problems such as air and moisture sensitivity, solvent incompatibility and low solubility can be easily circumvented. With the advent of commercial DNP NMR spectrometers, and the 
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II. Syntheses of colloidal QDs
All syntheses were conducted under air-free conditions using Schlenk technique and argon-filled glove boxes (O2 and H2O levels < 1 ppm).
3 nm myristate-capped InP QDs were synthesized using a modified method from Ref. 6 0.35 g In(Ac)3 (1.2 mmol), 1.14 g MA (5 mmol) and 20 mL ODE were loaded into a 3-neck flask and dried under vacuum for 75 minutes at 125 °C to form indium myristate. The reaction mixture was heated up to 188 °C under N2 flow. P(TMS)3 (0.6 mM) and dried 2.4 mL OLA (7.2 mmol) in 3 mL ODE were mixed in a glove box, loaded into a syringe and swiftly injected into the hot reaction mixture. Immediately after injection, the reaction temperature was decreased down to 178 °C and kept at this value for 1 hour to allow the growing of InP QDs. The QDs were purified by addition of hexane to the reaction mixture and precipitated with a mixture of MeOH:IPA (1:1). The precipitate was separated from solvent by centrifugation and redispersed in hexane. The washing process was repeated four times. Purified InP QDs were redispersed and stored in hexane.
nm oleate-capped ZB-CdSe QDs
were prepared according to a slightly modified synthesis procedure of Chen et al. 7 83 mg CdO (0.65 mmol), 25 mL ODE and 1.2 mL OA (3.4 mmol) were dried under vacuum for 1 h at 100 °C. Heating up to 240 °C under nitrogen flow lead to complete dissolution of CdO forming transparent colorless solution. The cadmium oleate solution was let cooling down to room temperature and then 75 mg SeO2 (0.68 mmol) was added to the reaction flask. Under vigorous stirring the suspension was quickly heated up to 230 °C. The reaction was stopped after 10 seconds of growing time by quickly cooling down to room temperature. Particles were washed three times with toluene/EtOH and finally dissolved in hexane.
nm oleate-capped CdTe QDs
were prepared according to slightly modified synthetic procedure by Panthani et al. 8 1.2 g CdO (9 mmol), 12 mL OA (34 mmol) and 16.5 mL ODE were dried for 1 hour under vacuum at 100 °C. Under nitrogen flow, the suspension was heated up to 270 °C and a transparent, colorless solution was obtained. 5 mL of 1 M Te-TBP solution was swiftly injected and the reaction mixture was let to cool down to room temperature. The CdTe QDs were washed four times with toluene/EtOH and finally redispersed in toluene.
3 nm phosphonate-capped WZ-CdSe QDs were prepared following synthetic procedure reported by Bawendi et al. 9 60 mg CdO (0.467 mmol), 282 mg ODPA (0.843 mmol), and 3 g TOPO (7.798 mmol) were dried under vacuum for one hour at 150 °C. The suspension was heated up to 230 °C under nitrogen flow until all CdO was dissolved and a transparent colorless solution obtained. At 320 °C, 1 mL of TOP was added. At 360 °C, TOP-Se solution (61 mg, 0.772 mmol Se in 500 µL TOP) was swiftly injected and the heating mantle was removed. After 90 seconds the reaction mixture was quickly cooled down to room temperature. Anhydrous toluene (5 mL) was added to prevent TOPO from solidifying. QDs were washed using toluene/EtOH solvent/nonsolvent system. Small quantities of octylamine were used to facilitate purification of the QDs. TOP) was swiftly injected. After 2 min at 120 °C, the black reaction mixture was quickly cooled down to room temperature. At 50 °C, 1.5 mL OA 1.5 mL was added to replace weakly bound OLA molecules. QDs were washed under inert atmosphere in glovebox using CHCl3/EtOH as a solvent/antisolvent system. 6.5 nm oleate-capped PbTe QDs were prepared similarly to previously reported procedure of Urban et al. 11 Pb(OAc)2·3H2O (0.5685 g, 1.75 mmol) and OA (1.0 mL) were mixed with ODE (10 mL). This mixture was degassed at room temperature, 50 ºC, 70 ºC, 90 ºC and 110 ºC for 10 minutes each to form lead oleate. Then the solution was flushed with nitrogen, and the temperature was raised to 180 °C. At this temperature, 12 mL Te-precursor (0.25 M), prepared by dissolving tellurium shots in TOP was rapidly injected. The reaction mixture was maintained at 160-170 °C for 3 minutes and then quickly cooled down to room temperature using a water bath. PbTe QDs were thoroughly washed in inert atmosphere by multiple precipitation/redispersion steps using anhydrous acetone as a non-solvent and anhydrous tetrachloroethylene as solvent and finally redispersed in anhydrous tetrachloroethylene.
Bulk CsPbBr3 was synthesized according to Stoumpos et al.
12 0.9 g PbBr2 (2.5 mmol) and 0.9 g CsBr (4.5 mmol) were solubilized in 0.2 g 48% aqueous HBr (2.5 mmol) and 2.5 mL H2O. After stirring overnight at room temperature, the bright orange precipitate was separated by filtration and washed with absolute EtOH. The pure CsPbBr3 obtained was dried under vacuum and stored in dry conditions. CsPbBr3 nanostructures encapsulated in meso-SiO2. 10.5 mg meso-SiO2 (7 nm pore size) was impregnated with 21 µL CsPbBr3 solution (0.083 M in DMF), dried, and heated for 20 minutes at 150 °C under vacuum.
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III. Preparation of inorganic capped QDs
Sulfide-capped InP QDs. 7.7 mg K2S (anhydrous) was dissolved in 1.5 mL FA (dried) and mixed with 5 mg myristate-capped InP in 1.5 mL hexane. The two-phase mixture was stirred for ca. 2 hours until complete migration of the QDs from the apolar to the polar phase. The colorless supernatant solution was discarded and the red FA phase was washed three times with fresh hexane. The QDs were precipitated with 1.5 mL MeCN, collected by centrifugation and redispersed in FA or DMSO-d 6 /H2O (6:4 by volume).
Selenide-capped CdSe QDs. All procedures were carried out in a glovebox. 6 mg oleate-capped CdSe QDs were dispersed in 3 mL dried toluene and mixed with 3 mL dried FA containing excess of K2Se (21 mg). Two-phase mixture was stirred for 2 hours until supernatant solution turned colorless and the FA phase dark red. Toluene phase was discarded and the polar phase was washed three times with fresh dried toluene. Colloidal solution was filtered (0.45 µm PTFE filter) and QDs were precipitated with 1.5 mL MeCN. Precipitate was collected by centrifugation and redispersed in minimal amount of dried FA (60 µL).
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IV. Conventional MAS solid-state NMR
133
Cs and 31 P NMR spectra were acquired on a Bruker 11.7 T spectrometer equipped with a 2.5 mm two channel solid-state probe head and an Avance III console. Experiments were performed at room temperature using MAS spinning frequencies of 20 kHz and 2.5 mm zirconia rotors. 77 Se NMR spectra at 100 K were acquired on a commercial Bruker 14.1 T instrument equipped with an Avance III console and a triple and a double resonance 3.2 mm low temperature MAS probe while spinning at 10 kHz using sapphire rotors. 77 Se NMR spectra at room temperature were acquired on a Bruker 11.7 T spectrometer equipped with a 2.5 mm two channel solid-state probe head and an Avance III console. MAS spinning frequencies of 20 kHz and 2.5 mm zirconia rotors were used.
113
Cd NMR spectra were measured on a Bruker 16.4 T magnet equipped with a 4 mm two channel solidstate probe head and an Avance III console. Experiments were performed at room temperature and at low MAS spinning rates of 600 Hz.
Detailed experimental conditions such as pulse sequence, spinning frequency of the MAS, pulse length, etc. are listed below in "VI. Supplementary figures and details for displayed NMR spectra" and "VII. Details for all NMR experiments presented in main text".
Chemical shifts were referenced to 0. Cd NMR IUPAC recommends to use neat Me2Cd as reference compound. 13 However, often less toxic inorganic reference materials are used. 
V. DNP NMR
DNP NMR measurements were performed on two different machines.
At ETH Zürich, experiments were conducted on a commercial Bruker 14.1 T DNP NMR spectrometer equipped with an Avance III console and triple or double resonance 3.2 nm low temperature MAS probe. The microwave frequency of 395 GHz was generated by a Bruker gyrotron which output an approximate microwave power of 6 W.
At EPF Lausanne, a commercial Bruker 9.4 T DNP solid-state NMR spectrometer equipped with an Avance I console, a 263 GHz gyrotron microwave source and a triple resonance 3.2 mm low temperature MAS probe was employed. 15 The microwave output power was ca. 5 W.
CP transfer 16 was conducted with variable amplitude during contact time. 17 The SPINAL-64 heteronuclear decoupling sequence 18 with a radio frequency (rf) field of 100 kHz was used for all DNP NMR experiments. Chemical shifts were referenced to Me4Si ( 1 H, Detailed experimental conditions such as pulse sequence, spinning frequency of the MAS, pulse length, etc. are listed below in "VI. Supplementary figures and details for displayed NMR spectra" and "VII. Details for all NMR experiments presented in main text". Figure S1 . (top) Pulse sequences for indirect DNP enhanced CPMAS NMR experiments. Under continuous microwave (CW µw) irradiation, polarization of the electrons is transferred to the protons contained in the sample. The enhanced proton polarization is then transferred to the hetero-nucleus X (X = 31 P, 77 Se, 13 C etc.) with CP. The contact time determines the distance of the 1 H-X polarization transfer; longer contact times enable polarization of nuclei more distant from the protons. By selecting the contact time of the experiments, NMR signals can be observed from the surface or from nuclei at the surface and in the QD core (see Figure S2 for illustration of this effect). (middle) By using a CP-Carr-PurcellMeilboom_Gill (CP-CPMG) pulse sequence the signal per transient is increased as inhomogeneous broadening is refocused Ntimes by pi-pulses and multiple spin echoes are acquired in each transient. The number of spin-echoes which can be acquired depends on the transverse relaxation time (T2) of the hetero-nucleus. The spikelet pattern, which is obtained by direct Fourier transformation (FT) of the echo train, can be converted to a standard line shape-mode spectrum, by coadding all of the echoes in the time domain, followed by FT of a single co-added echo. Both processing procedures have been used throughout this work. . Quantitative comparison of the absolute 31 P NMR signal intensities obtained for myristate-capped InP QDs in conventional MAS NMR and in DNP NMR. 7 nm pore meso-SiO2 was used for DNP NMR. All samples contained 3.8 mg of InP QDs, total TCE content of 20 µL, combined with either or both meso-SiO2 (0.2-1 mg) and biradical (at a constant final concentration of 16 mM with respect to the TCE volume). Hence samples containing silica had slightly lower InP-perrotor volume density. Quantitatively, an absolute signal intensity enhancement of 51 was obtained with a DNP enhancement of 80, pointing to effective dilution factor of just 1.5-1.6, fully in agreement with a factor of 1.4 estimated from porosity of 71% (calculated from 0.91 cm 3 /g pore volume of 7 nm pore size MSU-H and 2.65 g/cm 3 bulk density of SiO2). Importantly, the quantity of meso-SiO2 has to be optimized such that it is just sufficient to absorb the whole amount of QD-biradical solution (1.1 mg of meso-SiO2 for 3.8 mg of InP QDs, as an example).
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VI. Supplementary figures and details for displayed NMR spectra
Figure S2: myristate-capped InP QDs
12.7 µL of a saturated solution of myristate-capped InP QDs in TCE was mixed with 6.3 µL 50 mM TEKPol in TCE or 6.3 µL of pure TCE on a watch glass yielding 16 mM radical or radical-free solution. Various amount of meso-SiO2 (7 nm pore size) were impregnated with the (radical-)QD solution and then packed into a 3.2 mm sapphire rotor. 
Acquisition parameters for
77
Se CP-CPMG DNP NMR spectra of phosphonate-capped WZ-CdSe QDs (black) and oleate-capped ZB-CdSe QDs (dark blue). The chemical shifts of ZB-CdSe (δ = -579, -654) is shifted to higher frequencies compared to W-CdSe (δ = -556 ppm) by 100 ppm. Spectra were acquired using CP-CPMG pulse sequence in order to reduce the total experiment times. Spectra were acquired at 14.1 T and ca. 100 K.
Details for WZ-CdSe QDs. 12.7 µL of a saturated solution of WZ-CdSe QDs in TCE was mixed with 6.3 µL 50 mM TEKPol in TCE on a watch glass yielding a final TEKPol concentration of ca. 16 mM. Minimal amount of meso-SiO2 (7 nm pore size) was impregnated with the radical-QD solution and then packed into a 3.2 mm sapphire rotor. Figure S7 . 113 Cd CPMAS DNP NMR spectra of ZB-CdSe at different MAS spinning speeds (10000 Hz: upper, black spectrum; 12500 Hz: lower, dark blue spectrum). The peaks remaining at the same chemical shifts, independent of the spinning speed, were identified to be isotropic signals (denoted with dotted grey lines) whereas the spinning side bands (marked with asterisks) are shifted in frequency according to the spinning speeds. Figure S8 . NMR spectra summarizing chemical shifts of all 77 Se containing species involved in the preparation of selenide-capped CdSe QDs. All spectra were measured at 100 K except the one of K2Se powder which was acquired at ca. 298 K. Oleate-capped ZB-CdSe QDs (black, solid line, -623 ppm) and selenide-capped ZB-CdSe QDs (dark blue, solid line, -565 ppm) spectra were acquired with DNP enhancement. K2Se dissolved in FA (dark blue, dotted line, -339 ppm) and K2Se powder (black, dotted-line, -416 ppm) spectra were obtained with conventional NMR spectroscopy without µw irradiation. 
Acquisition parameters for
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